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Boson sampling is a specific quantum computation, which is likely hard to implement efficiently on
a classical computer. The task is to sample the output photon number distribution of a linear optical
interferometric network, which is fed with single-photon Fock state inputs. A question that has been
asked is if the sampling problems associated with any other input quantum states of light (other
than the Fock states) to a linear optical network and suitable output detection strategies are also
of similar computational complexity as boson sampling. We consider the states that differ from the
Fock states by a displacement operation, namely the displaced Fock states and the photon-added
coherent states. It is easy to show that the sampling problem associated with displaced single-
photon Fock states and a displaced photon number detection scheme is in the same complexity class
as boson sampling for all values of displacement. On the other hand, we show that the sampling
problem associated with single-photon-added coherent states and the same displaced photon number
detection scheme demonstrates a computational complexity transition. It transitions from being just
as hard as boson sampling when the input coherent amplitudes are sufficiently small, to a classically
simulatable problem in the limit of large coherent amplitudes.
I. INTRODUCTION
Quantum computation promises the ability to solve
problems intractable on classical computers, includ-
ing fast integer factorization [1], quantum search al-
gorithms [2], and quantum simulation applications [3].
There exist many models of universal quantum compu-
tation [4]. The Knill, Laflamme and Milburn (KLM) pro-
posal for linear optical quantum computation (LOQC) [5]
is a well known example of such a model. However, the
technological challenges to realize scalable, full-fledged
LOQC (or any other existing model of quantum compu-
tation for that matter) continue to remain daunting.
In 2011, Aaronson & Arkhipov (AA) introduced and
studied a specific computational task based on linear op-
tics, called boson sampling [6]. The task of boson sam-
pling is to sample the output photon number distribution
of a linear optical network, which is fed with single pho-
tons. AA showed that boson sampling is likely hard to
implement efficiently on a classical computer, but can be
efficiently implemented on a quantum device. Also, bo-
son sampling is less demanding to realize experimentally
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than LOQC. As a result, boson sampling has garnered
much interest. Many experimental demonstrations of bo-
son sampling have been carried out [7–10]. Special efforts
are underway towards scalable implementations of boson
sampling [11–14]. Ways to certify true boson sampling
in order to distinguish it from uniform sampling, clas-
sical sampling, or random-state sampling have been de-
veloped [15–18]. The effects of realistic implementations
of boson sampling such as mode-mismatch, spectra of
the bosons, and spectral sensitivities of detectors, have
been studied [19, 20]. This has lead to a theory of inter-
ference with partially indistinguishable particles [21, 22].
Recently, for the first time, boson sampling (with a suit-
ably modified input state) has been shown to yield a prac-
tical tool for difficult molecular computations to generate
molecular vibronic spectra [23].
Another question that has been investigated is whether
there are quantum states of light—other than the Fock
states—which when evolved through a linear-optical cir-
cuit and sampled using a suitable detection strategy,
also implement likely classically hard problems similar
to AA’s boson sampling. Recent results have shown that,
in the case of Gaussian states (most generally displaced,
squeezed, thermal states), sampling in the photon num-
ber basis can be just as hard as boson sampling [24]. To
further elaborate, while the sampling of thermal states
can be simulated efficiently by a classical algorithm [25],
it has been shown that the sampling of squeezed vacuum
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2states is likely hard to efficiently simulate classically at
least in some special cases [24, 26]. Among non-Gaussian
inputs (other than the Fock states), the photon-added
and subtracted squeezed vacuum states [27] and gen-
eralized cat states (arbitrary superpositions of coherent
states) [28], along with photon number detection, have
been shown to likely implement computationally hard
sampling problems similar to boson sampling.
In this article, we study the linear optics-based sam-
pling problems associated with the quantum states of
light that differ from the Fock states by the displacement
operation of quantum optics, namely the displaced Fock
states and the photon-added coherent states (which are
the photon-added displaced vacuum states), and a dis-
placed photon number detection. The displacement op-
erator can be written as
Dˆ(α) = exp
(
αaˆ† − α∗aˆ) , (1)
where α is a complex amplitude that quantifies displace-
ment in phase space, and aˆ† is the mode photon cre-
ation operator. The displaced single-photon Fock state
(DSPFS) is the state Dˆ(α)aˆ†|0〉, while the single-photon-
added coherent state (SPACS) is ∝ aˆ†Dˆ(α)|0〉. Although
these input states are in practice more difficult to pre-
pare than the single-photon Fock state, the associated
sampling problems allow us to demonstrate a transition
in the computational complexity of linear optics. It is
easy to show that the DSPFS sampling problem is in the
same complexity class as AA boson sampling for any dis-
placement α. However, the SPACS, differing only in the
ordering of the operators, presents an interesting case—
we show that the sampling problem with SPACS is just
as hard as AA’s boson sampling when the input coherent
amplitudes are sufficiently small (subject to a bound that
we derive explicitly), but transitions into a problem that
is easy to simulate classically in the limit of large input
coherent amplitudes.
In Sec. II, we briefly review AA’s original scheme for
boson sampling. In Secs. III and IV, we discuss the
sampling problems associated with the DSPFS and the
SPACS, respectively. In Sec. V, we state some conclusions
and summarize our work.
II. AARONSON AND ARKHIPOV’S BOSON
SAMPLING
In boson sampling as presented by AA [6], single-
photon Fock states |1〉 are fed into the first n modes of an
m-mode linear-optical interferometer where m = Ω(n2).
The remaining m− n modes are injected with the vac-
uum state |0〉. The overall input state is therefore
|ψin〉 = |11, . . . , 1n, 0n+1, . . . , 0m〉
=
(
n∏
i=1
aˆ†i
)
|01, . . . , 0m〉, (2)
where aˆ†i is the photon creation operator of the ith mode.
The interferometer, which is comprised of a network of
O(m2) number of beamsplitters and phase-shifters, then
implements an m×m unitary operation Uˆ on the input
state [29]. Under the action of the unitary, the photon-
creation operators of the modes transform as
Uˆ aˆ†i Uˆ
† =
m∑
j=1
Ui,j aˆ
†
j . (3)
This results in an output state, which is a superposition
of every possible n-photon-number configuration
|ψout〉AA =
∑
S
γS |s(S)1 , . . . , s(S)m 〉, (4)
where S represents an output configuration of the n pho-
tons, γS is the amplitude associated with configuration
S, and s
(S)
i is the number of photons in mode i at the
output associated with configuration S. (Note that we
suppress the superscript (S) hereafter for brevity of no-
tation.) The number of configurations is
|S| =
(
n+m− 1
n
)
, (5)
which grows exponentially with n. Finally, the probabil-
ity distribution P (S) = |γS |2, is sampled using coinci-
dence photon number detection (CPND). For a large n,
AA conjecture that the number of modes m = Ω(n2)
sufficiently ensures that, to a high probability, no more
than a single photon arrives per mode at the output.
(This is sometimes referred to as the “bosonic birthday
paradox”.) Therefore, on-off photodetectors are sufficient
to perform the measurements for large instances of the
problem. The protocol is post-selected upon measuring
all n photons at the output; i.e. so that the total pho-
ton number is preserved
∑
i s
(S)
i = n ∀S. This accounts
for any potential losses due to inefficiencies in the exper-
imental devices.
The statistics of the output distribution P (S) are sam-
pled by repeated application of the protocol. The output
amplitudes are given by γS ∝ Per(US,T ), where US,T is a
n× n submatrix of U given as a function of the fixed in-
put configuration T = (11, . . . , 1n, 0n+1, . . . , 0m) and the
output configuration S. Since calculating the permanent
of an arbitrary complex-valued matrix is #P-complete,
requiring O(2nn2) runtime according to Ryser’s algo-
rithm [30], boson sampling is believed to be likely hard
to simulate classically. Also, exact boson sampling by a
polynomial-time classical probabilistic algorithm would
imply a collapse of the polynomial hierarchy, while non-
collapse of the polynomial hierarchy is generally believed
to be a reasonable conjecture [6]. Gard et al. gave an
elementary argument that classical computers likely can-
not efficiently simulate multimode linear-optical inter-
ferometers with arbitrary Fock-state inputs [31]. AA [6]
gave a full complexity proof for the exact case where the
3device is noiseless. For the noisy case, a partial proof
was provided which requires two conjectures that are be-
lieved likely to be true. A detailed elementary introduc-
tion to boson sampling was presented in [32]. Our results
are based on the assumption that both exact and ap-
proximate boson-sampling are classically hard problems,
which is highly likely the case following the work of AA.
III. SAMPLING DISPLACED FOCK STATES
Consider the DSPFS in place of the single-photon Fock
states in (2) as inputs to a linear-optical interferometer.
That is, consider an overall input state of the form
|ψin〉DSPFS =
(
n∏
i=1
Dˆi
(
α(i)
)
aˆ†i
)
|01, . . . , 0m〉, (6)
where Dˆi
(
α(i)
)
is the displacement operator of the ith
mode, and α(i) is the complex coherent amplitude for the
displacement. A unitary operation Uˆ then transforms the
state into |ψout〉DSPFS
= Uˆ
(
n∏
i=1
Dˆi
(
α(i)
)
aˆ†i
)
Uˆ†Uˆ |01, . . . , 0m〉,
= Uˆ
(
n∏
i=1
Dˆi
(
α(i)
))
Uˆ†Uˆ
(
n∏
k=1
aˆ†k
)
Uˆ†|01, . . . , 0m〉
=
n∏
i=1
(
UˆDˆi
(
α(i)
)
Uˆ†
) n∏
k=1
(
Uˆ aˆ†kUˆ
†
)
|01, . . . , 0m〉
=
 m∏
j=1
Dˆj
(
β(j)
)(∑
S
γS(bˆ
†
1)
s1(bˆ†2)
s2 . . . (bˆ†m)
sm
)
× |01, . . . , 0m〉, (7)
where β(j) =
∑
i Ui,jα
(i) is the new displacement am-
plitude in the jth mode, bˆ†k is the photon-creation op-
erator of the kth mode, and sk is the number of pho-
tons in the kth mode, associated with configuration S
at the output such that
∑m
k=1 sk = n for each S. In
deriving (7), we have used the following: Uˆ†Uˆ = I,
Uˆ |01, . . . , 0m〉 = |01, . . . , 0m〉, (3) and (4), and the fact
that the action of a unitary on a tensor product of coher-
ent states results in another tensor product of coherent
states as shown in Appendix A of [28]. The final expres-
sion is nothing but a displaced version of the output state
of AA’s boson sampling given in (4).
For any unitary operator U , the new complex displace-
ment amplitudes β(j) can be efficiently computed. Since
D(−α)D(α) = I, a counter-displacement with ampli-
tudes −β(j) could be applied to the m output modes.
The displacement operation could be performed using
unbalanced homodyning [33, 34]. Upon such a displace-
ment operation, the sampling problem associated with
the output state reduces to AA’s boson sampling given
in (4), which can subsequently be accessed using CPND.
Thus, the linear-optics sampling of the DSPFS with our
modified measurement scheme at the output comprising
of an inverse displacement followed by CPND is in the
same complexity class as AA’s boson sampling. While
this observation may appear trivial—since a product
of displacement operators commutes through a linear-
optical network to yield another product of displacement
operators—it demonstrates that an entire class of quan-
tum states of light yield a problem of equal complexity to
boson sampling, with a suitable adaptation of the mea-
surement scheme.
IV. SAMPLING PHOTON-ADDED COHERENT
STATES
Now consider the SPACS instead of the DSPFS. These
states differ from the DSPFS only in the ordering of the
operators. However, since the displacement operator of
(1) does not commute with the photon creation operator
aˆ†, the SPACS and the DSPFS are distinctly different
states.
A k-photon-added coherent state may be written as
|α, k〉 = Nkaˆ†k |α〉, (8)
where α is the complex coherent amplitude and the nor-
malization is
Nk = 1√
k!Lk(−|α|2)
, (9)
Lk being the Laguerre polynomial of order k. Such states
were first discussed by Agarwal & Tara [35]. The SPACS
we consider here thus corresponds to |α, 1〉 of (8).
Consider a scheme where a single photon (e.g. prepared
via heralded spontaneous parametric down-conversion) is
mixed with a coherent state on a highly reflective beam
splitter (Fig. 1). When a single-photon detector placed in
the transmitted mode detects vacuum, we know that the
incident photon has been emitted into the other output
port, and thus a SPACS has been heralded [36–39].
The SPACS have been studied extensively in the con-
text of demonstrating quantum-classical transition, since
they allow for a seamless interpolation between the highly
nonclassical Fock state |1〉 (α→ 0) and a highly classical
coherent state |α〉 (|α| >> 1) [38]. The Wigner function
of a SPACS can be expressed as [35]
W (z) =
2(|2z − α|2 − 1)
pi(1 + |α|2) e
−2|z−α|2 , (10)
where z = x+iy is the phase-space complex variable, and
α the coherent amplitude in the state. Fig. 2 shows the
Wigner functions of a SPACS and a coherent state. The
former attains negative values at points close to the ori-
gin in phase space, which clearly demonstrates the non-
classical nature of the state. Fig. 3 shows a 2-d slice of
4“0”
FIG. 1: When a coherent state and a single photon state are
mixed on a highly reflective beamsplitter, and no photon is
detected in the transmitted mode, a SPACS is heralded in the
transmitted mode.
the Wigner function of a SPACS across the major axis,
as a function of the coherent amplitude |α|. It can be
seen that the Wigner function loses its negativity as α
increases and tends towards being a Gaussian state.
FIG. 2: (Color online) Wigner function of (left) a SPACS,
(right) a coherent state, with amplitude |α|2 = 0.01. The for-
mer is seen to take negative values close to the phase-space
origin, while that of the latter is strictly positive everywhere.
W (0) is at the center of the plane. Sampling W (0) would
distinguish between a coherent state and a SPACS.
The SPACS-based input that we consider to a linear-
optical sampling device can be written as
|ψin〉SPACS =N
n∏
i=1
aˆ†i Dˆi
(
α(i)
)
|01, . . . , 0m〉,
N =
n∏
j=1
1√
1 + |α(j)|2 . (11)
where α(i) represents the complex coherent amplitude in
the ith mode and N is the overall normalization factor.
That is, the input to the first n modes are SPACS, while
the remaining m − n modes are initiated in the vacuum
state. A unitary operation Uˆ then transforms the state
FIG. 3: (Color online) 2-d slices of the Wigner function of
SPACS across its major axis, as a function of the coherent
amplitude |α|. We see that the negativity vanishes, and the
shape tends towards being a Gaussian for increasing values of
|α|.
into |ψout〉SPACS
= Uˆ |ψin〉SPACS
= N Uˆ
(
n∏
i=1
aˆ†i Dˆi
(
α(i)
))
Uˆ†Uˆ |01, . . . , 0m〉. (12)
This state can be alternatively written as
= N Uˆ
{
n∏
i=1
(
Dˆi
(
α(i)
)
aˆ†i + α
(i)∗Dˆi
(
α(i)
))}
Uˆ†
× |01, . . . , 0m〉, (13)
where we have used the commutation relation between
the displacement operator and the photon-creation oper-
ator, namely [
a†, Dˆ(α)
]
= α∗Dˆ(α). (14)
We can further simplify the state as
= N Uˆ
n∏
i′=1
Dˆi′
(
α(i
′)
)
Uˆ†Uˆ
n∏
i=1
(
aˆ†i + α
(i)∗
)
Uˆ†
× |01, . . . , 0m〉,
= N
n∏
i′=1
(
UˆDˆi′
(
α(i
′)
)
Uˆ†
) n∏
i=1
(
Uˆ aˆ†i Uˆ
† + α(i)
∗)
× |01, . . . , 0m〉
= N
m∏
j=1
Dˆj
(
β(j)
) n∏
i=1
(
Uˆ aˆ†i Uˆ
† + α(i)
∗) |01, . . . , 0m〉,
(15)
where β(j) =
∑
i′ Ui′,jα
(i′) is the new displacement am-
plitude in the jth mode. Similar to the case of DSPFS
5sampling, we can now apply a counter-displacement op-
eration of amplitude
∏m
j=1 Dˆj
(−β(j)) (this can be com-
puted efficiently), so that the output state reduces to
N
n∏
i=1
(
Uˆ aˆ†i Uˆ
† + α(i)
∗) |01, . . . , 0m〉. (16)
Let us denote the state
∏n
i=1
(
Uˆ aˆ†i Uˆ
†
)
|01, . . . , 0m〉,
which corresponds to AA-type boson sampling as |AA〉.
Further, for simplicity, let us choose all the input coher-
ent amplitudes to be equal to α. Then, the output state
in (16) can be written as
N ′
(
n−1∑
i=0
α∗n−i
(
UˆAˆ(i)Uˆ†
)
|01, . . . , 0m〉+ |AA〉
)
, (17)
where Aˆ(i) is defined for i ∈ {0, 1, · · · , n} as
Aˆ(i) ≡
{
1
i!(n−i)!
∑
σ∈Sn
∏i
k=1 aˆ
†
σ(k), if i ≥ 1
id, if i = 0,
(18)
Sn being the symmetric group of degree n, id being the
identity operator, and N ′ = 1/(√1 + |α|2)n. Now, if we
perform photon number detection at the output, the set
of all possible outcomes includes total photon numbers
(from across all the m output modes) ranging from zero
to n. Detection events consisting of a total photon num-
ber of n would correspond to sampling of the |AA〉 term
from the superposition. The probability of detecting a
total of i photons at the output can be written as
Pi = N ′2
(
n
i
)(|α|2)n−i . (19)
This is because there are
(
n
i
)
terms in Aˆ(i), each with a
weight of N ′2 (|α|2)n−i.
We now ask the following question: how should |α|
scale in terms of n—the total number of SPACS in the
input (representative of the size of the sampling prob-
lem) so that the post-selection probability of detecting n
photons at the output of the interferometer scales inverse
polynomially in n. This is a relevant question to ask, be-
cause such a scaling would guarantee the sufficiency of a
polynomial number of measurements in order to sample
the desired AA term in the output. For simplicity, let us
consider poly(n) = nk, where k ∈ Z+ (the set of positive
integers). Solving for |α| that satisfies the above scaling
requirement in the limit of a large n, we have
1
(1 + |α|2)n ≥
1
poly(n)
⇒ 1 + |α|2 ≤ (poly(n))1/n
≤ 1 + (n), (20)
where the third inequality is due to the fact that for all
k ∈ Z+,
lim
n→∞(n
k)1/n = lim
n→∞ e
k
n logn
= lim
n→∞ e
k
n = e0
+
= 1 + (n). (21)
From (20), we have
|α|2 ≤ (n), (22)
and the large-n expansion
e
k
n logn = 1 +
k
n
log n+O(
1
n2
), (23)
tells us that (n) ≥ (k/n) log n. The chain of inequalities
(n) ≥ k log n
n
≥ 1
n
(24)
thus implies |α|2 ≤ 1/n is a sufficient condition on |α| to
ensure that the post-selection probability of the AA term
scales inverse polynomially in n. For |α|2 = 1/n, in the
limit of large n, we find that the probability of the term
|AA〉 being detected at the output is
Pn = lim
n→∞
1
(1 + 1n )
n
=
1
e
≈ 36%. (25)
Further, the probability Pn converges to one when |α|2 =
1/n2; i.e., the considered sampling problem with SPACS
inputs reduces to AA boson sampling without the need
for post-selection. This result is consistent with AA’s
original result that boson sampling is robust against
small amounts of noise.
On the other hand, we could also ask the question: how
should |α| scale, so that the photon number sampling
almost always gives the m-mode vacuum. For |α|2 = n2,
we find that the probability of the m-mode vacuum term
being detected at the output is
P0 = lim
n→∞
(n2)
n
(1 + n2)n
= lim
n→∞
1
(1 + 1n2 )
n
= 1. (26)
That is, the considered sampling problem with SPACS
inputs becomes classically simulatable when |α|2 scales
as n2, or larger, in the sense that it always results in the
detection of the m-mode vacuum at the output.
Therefore, we see that the computational complexity
of sampling the SPACS goes from being just as hard as
AA’s boson sampling for coherent amplitudes |α|2 ≤ 1/n,
to being classically simulatable when |α|2 ≥ n2, where n
is the total number of SPACS inputs.
V. CONCLUSION
As discussed in Sec. IV, the SPACS is known to exhibit
a quantum-classical transition in terms of the negativity
of its Wigner function when the coherent amplitude is
tuned from small to large values. The results presented
in this work indicate that the sampling problem asso-
ciated with the SPACS, linear optics and a displaced
6CPND similarly demonstrates a transition in computa-
tional complexity. The complexity goes from being likely
hard to simulate classically for small coherent amplitudes
(similar to AA boson sampling), to being easy to simu-
late classically for large coherent amplitudes. This result
is also consistent with a conjecture presented in [32] that
computational complexity relates to the negativity of the
Wigner function.
To summarize, a central open question in the field is
what class of quantum states of light yield linear-optics
sampling problems that are likely hard to simulate effi-
ciently on a classical computer. Here we have partially
elucidated this question by considering two closely re-
lated classes of quantum states. We studied the linear-
optics sampling of the DSPFS and the SPACS for a dis-
placed CPND. We showed that while DSPFS sampling
remains likely hard to simulate efficiently for all values of
the displacement, SPACS sampling transitions from be-
ing likely hard to simulate efficiently for sufficiently small
input coherent amplitudes to being efficiently simulatable
in the limit of large coherent amplitudes.
Acknowledgments
This research was conducted by the Australian Re-
search Council Centre of Excellence for Engineered
Quantum Systems (Project number CE110001013). JPD
would like to acknowledge the Air Force Office of Scien-
tific Research and the National Science Foundation for
support and both KPS and JPD would like to acknowl-
edge the Army Research Office for support. KPS would
also like to thank the Graduate School of Louisiana State
University for the 2014-2015 Dissertation Year Fellow-
ship.
[1] P. W. Shor, SIAM J. Sci. Statist. Comput. 26, 1484
(1997).
[2] L. K. Grover, in Proceedings, 28th Annual ACM Sym-
posium on the Theory of Computing (ACM, 1996), pp.
212–219.
[3] S. Lloyd, Science 273, 1073 (1996).
[4] M. A. Nielsen and I. L. Chuang, Quantum Computation
and Quantum Information (Cambridge University Press,
Cambridge, 2000).
[5] E. Knill, R. Laflamme, and G. Milburn, Nature (London)
409, 46 (2001).
[6] S. Aaronson and A. Arkhipov, Proc. ACM STOC (New
York) p. 333 (2011).
[7] M. A. Broome, A. Fedrizzi, S. Rahimi-Keshari, J. Dove,
S. Aaronson, T. C. Ralph, and A. G. White, Science 339,
6121 (2013).
[8] J. B. Spring, B. J. Metcalf, P. C. Humphreys,
W. S. Kolthammer, X.-M. Jin, M. Barbieri, A. Datta,
N. Thomas-Peter, N. K. Langford, D. Kundys, et al.,
Science 339, 798 (2013).
[9] M. Tillmann, B. Daki, R. Heilmann, S. Nolte, A. Szameit,
and P. Walther, Nature Phot. 7, 540 (2013).
[10] A. Crespi, R. Osellame, R. Ramponi, D. J. Brod, E. F.
Galvao, N. Spagnolo, C. Vitelli, E. Maiorino, P. Mataloni,
and F. Sciarrino, Nature Phot. 7, 545 (2013).
[11] K. R. Motes, J. P. Dowling, and P. P. Rohde, Phys. Rev.
A 88, 063822 (2013).
[12] A. P. Lund, A. Laing, S. Rahimi-Keshari, T. Rudolph,
J. L. O’Brien, and T. C. Ralph, Phys. Rev. Lett. 113,
100502 (2014).
[13] K. R. Motes, A. Gilchrist, J. P. Dowling, and P. P. Rohde,
Phys. Rev. Lett. 113, 120501 (2014).
[14] C. Shen, Z. Zhang, and L.-M. Duan, Phys. Rev. Lett.
112, 050504 (2014).
[15] S. Aaronson and A. Arkhipov (2013), arXiv:1309.7460v2.
[16] N. Spagnolo, C. Vitelli, M. Bentivegna, D. J. Brod,
A. Crespi, F. Flamini, S. Giacomini, G. Milani, R. Ram-
poni, P. Mataloni, et al., arXiv:1311.1622 (2013).
[17] J. Carolan, J. D. A. Meinecke, P. Shadbolt, N. J. Rus-
sell, N. Ismail, K. Wrhoff, T. Rudolph, M. G. Thompson,
J. L. O’Brien, J. C. F. Matthews, et al., arXiv:1311.2913
(2013).
[18] M. C. Tichy, K. Mayer, A. Buchleitner, and K. Mølmer
(2013), arXiv:1312.3080.
[19] V. S. Shchesnovich, Phys. Rev. A 89, 022333 (2014).
[20] P. P. Rohde (2014), arXiv:1410.3979.
[21] V. S. Shchesnovich (2014), arXiv:1410.1506.
[22] M. C. Tichy (2014), arXiv:1410.7687.
[23] J. Huh, G. G. Guerreschi, B. Peropadre, J. R. McClean,
and A. Aspuru-Guzik (2014), arXiv:1412.8427.
[24] A. P. Lund, A. Laing, S. Rahimi-Keshari, T. Rudolph,
J. L. O’Brien, and T. C. Ralph, Phys. Rev. Lett. 113,
100502 (2014).
[25] S. Rahimi-Keshari, A. P. Lund, and T. C. Ralph,
arXiv:1408.3712v1 (2014).
[26] Z. Jiang, M. D. Lang, and C. M. Caves, Phys. Rev. A
88, 044301 (2013).
[27] J. Olson, K. Seshadreesan, K. Motes, P. Rohde, and
J. Dowling (2014), arXiv:1406.7821.
[28] P. P. Rohde, K. R. Motes, P. A. Knott, J. Fitzsimons,
W. J. Munro, and J. P. Dowling, Phys. Rev. A 91, 012342
(2015).
[29] M. Reck, A. Zeilinger, H. J. Bernstein, and P. Bertani,
Phys. Rev. Lett. 73, 58 (1994).
[30] H. J. Ryser, Combinatorial Mathematics, Carus Mathe-
matical Monograph No. 14 (1963).
[31] B. T. Gard, R. M. Cross, M. B. Kim, H. Lee, and J. P.
Dowling, arXiv preprint arXiv:1304.4206 (2013).
[32] B. T. Gard, K. R. Motes, J. P. Olson, P. P. Rohde, and
J. P. Dowling (2014), arXiv:1406.6767v1.
[33] K. Banaszek and K. Wo´dkiewicz, Phys. Rev. Lett. 82,
2009 (1999).
[34] C. F. Wildfeuer, A. P. Lund, and J. P. Dowling, Phys.
Rev. A 76, 052101 (2007).
[35] G. S. Agarwal and K. Tara, Phys. Rev. A 43, 492 (1991).
[36] M. Dakna, L. Knoll, and D.-G. Welsch, Opt. Comm. 145,
309 (1998).
[37] M. Dakna, L. Knoll, and D.-G. Welsch, Eur. Phys. J. D
3, 295 (1998).
[38] A. Zavatta, S. Viciani, and M. Bellini, Science 306, 660
7(2004).
[39] A. Zavatta, S. Viciani, and M. Bellini, Phys. Rev. A 72,
023820 (2005).
